Background-There is an inverse relationship between HDL cholesterol and coronary heart disease. Experimental studies have indicated that HDL cholesterol may exert an antiatherogenic effect by inducing regression of atherosclerotic plaques and by turning lipid-rich plaques into more fibrotic lesions. In this prospective, population-based ultrasound study, we investigated how HDL cholesterol relates to carotid plaque progression. Methods and Results-The study included 1952 men and women aged 25 to 82 years who had at least 1 plaque present in the right carotid artery at baseline examination (1994). All plaque images were computer processed to yield a measure of plaque area in square millimeters and echogenicity, expressed as the gray-scale median. After 7 years of follow-up, a new ultrasound screening was performed, and the changes in plaque area and echogenicity were assessed. In a multivariable adjusted model, HDL cholesterol, age, systolic blood pressure, and current smoking were independent predictors of plaque growth. For a 1-SD (0.41 mmol/L) lower HDL cholesterol level, mean (SE) plaque area increased by 0.93 mm 2 (0.44 mm 2 ; Pϭ0.03). When users of lipid-lowering drugs were excluded from analysis, the HDL estimate was strengthened (␤ϭ1.46 mm 2 , Pϭ0.002). Although plaque area increased in 70% of cases, and most plaques became more echogenic over the follow-up interval, the plaques that became more echolucent grew more in size than those that became more echogenic (Pϭ0.002). Conclusions-This study shows that a high level of HDL cholesterol reduces plaque growth in subjects with preexisting carotid atherosclerosis. Transformation of the plaque mass into higher echogenicity is associated with reduced growth. Our findings may indicate that HDL cholesterol stabilizes plaques and counteracts their growth by reducing their lipid content and inflammation. (Circulation. 2005;112:498-504.)
T here is a strong inverse association between HDL cholesterol and risk of coronary heart disease (CHD). 1, 2 An inverse relationship between HDL cholesterol and carotid atherosclerosis has also been demonstrated, although the results are not as consistent as for CHD. [3] [4] [5] [6] The antiatherogenic effect of HDL may involve reversal of LDL transport from the vessel wall back to the liver, inhibition of lipoprotein oxidation, and direct protection of the vessel wall from damages. 7 Low levels of HDL cholesterol are associated with echolucent plaques in cross-sectional ultrasound studies. 8, 9 Such plaques are characterized by elevated contents of lipid and necrotic debris and are predisposed to fissuring, ulceration, hemorrhage, and superimposed thrombosis, features that cause clinical events. 10, 11 Little is known about how plaque morphology interferes with plaque growth. In a previous cross-sectional study from our group, presence of echolucent plaques was associated with higher degree of stenosis, which suggests that echolucent plaques are more likely than fibrous and calcified plaques to develop into advanced stenosis. 8 If one presumes that the natural history of atherosclerotic plaques is to become more fibrotic, calcified, and thereby echogenic as time goes by, 12, 13 one might postulate that plaques that remain echolucent will tend to grow faster than plaques that become echogenic.
Recent data suggest that repeated measurements of plaque area are sensitive markers of atherosclerotic progression. 14, 15 In this population-based study, we used computerized image analysis to measure changes in total plaque area and plaque echogenicity after 7 years of follow-up. We measured HDL cholesterol together with other risk factors for atherosclerosis and examined the relationship between HDL levels, change in plaque area, and change in echogenicity.
Methods Subjects
The Tromsø Study is a single-center, population-based prospective study with repeated health surveys of inhabitants in the municipality of Tromsø, Norway. The main focus is on cardiovascular diseases. In the fourth survey conducted in 1994 to 1995 (baseline), all subjects aged 55 to 74 years and a 5% to 10% samples in the other 5-year birth cohorts Ͼ24 years of age were invited to an ultrasonographic examination of the right carotid artery. A total of 6889 attended, and ultrasound examination was performed in 6727 persons. 16 At the fifth survey in 2001, all subjects who attended the baseline ultrasound study and were still alive and residing in Tromsø were invited to a follow-up ultrasound screening. Between baseline and follow-up screening, 532 persons (7.9%) had died, 271 (4%) had migrated, and 956 (14%) did not attend in the reexamination. Another 110 subjects attended the follow-up visit but were not rescanned because of logistic problems, which brought the total number of subjects examined at both baseline and follow-up to 4858. Of these, 2248 persons (46.3%) had at least 1 plaque present at baseline. In 296 persons, there were missing values on plaque area or echogenicity because of low image quality or missing data. Thus, 1952 subjects (1059 men and 893 women) were included in the present study. The Norwegian Data Inspectorate licensed all data. The Regional Committee for Research Ethics approved the study. Written informed consent was obtained from all participants.
Cardiovascular Risk Factors
Standardized measurements of height, weight, blood pressure, nonfasting lipids, monocytes, and fibrinogen were done. Blood pressure was recorded with an automatic device (Dinamap Vital Signs Monitor) by specially trained personnel. Nonfasting serum total cholesterol and triglycerides were analyzed by enzymatic colorimetric methods with commercial kits (CHOD-PAP for cholesterol and GPO-PAP for triglycerides; Boehringer-Mannheim). Serum HDL cholesterol was measured after precipitation of lower-density lipoprotein with heparin and manganese chloride. Fibrinogen was measured with the PT-Fibrinogen reagent (Instrumentation Laboratory). Monocytes and white blood cells were counted with automated cell counters by standard techniques. Total cholesterol, HDL cholesterol, triglycerides, and blood pressure were measured twice at an interval of 4 to 12 weeks, and the average of these values was used in analyses. Blood sample analyses were performed at the Department of Clinical Chemistry, University Hospital of Tromsø.
A questionnaire on previous myocardial infarction and stroke, prevalent angina pectoris and diabetes mellitus (yes/no), use of antihypertensive and lipid-lowering drugs, and cigarette smoking (never/previously/currently, number of cigarettes per day) was enclosed in the letter of invitation. CHD was defined as prevalent angina pectoris or previous myocardial infarction.
Ultrasonography and Measures of Atherosclerosis
At baseline and follow-up, the same ultrasound imaging system and transducer (Acuson Xp10 128, ART upgraded, with a 7.5-MHz linear-array transducer, aperture size 38 mm) were used. The B-mode image adjustment parameters were preset to fixed values and were not changed during the course of either survey. With the subject in a supine position, head turned slightly to the left, the right carotid artery was scanned with several different angles of insonation, both longitudinally and transversely, from just above the clavicle to as far distal to the bifurcation as possible. A plaque was defined as a local protrusion of the vessel wall into the lumen of at least 50% compared with the adjacent intima-media thickness. In each subject, a maximum of 6 plaques were registered in the near and far walls of the common carotid, bifurcation, and internal carotid, respectively.
For each plaque, a still image was recorded with the transducer parallel to the vessel wall and as perpendicular to the point of maximum plaque thickness as possible, with the regional expansion selection set to 38 mm ϫ 20 mm. All recordings were done on a Panasonic 7650 video player with Super VHS tape. The sonographers were blinded to the laboratory data and data from the questionnaires.
Digital Image Acquisition and Standardization
Still image of each plaque was digitized offline with a PC with the Matrox Meteor II frame-grabber card and Matrox Intellicam version 2.07 software at a resolution of 768ϫ576 pixels. Digital images were saved in RGB format as uncompressed TIFF files. The following steps were performed with the imaging software Adobe Photoshop version 7.0 after all images were digitized: The color information was discarded, with the image to changed grayscale mode. Plaque echogenicity was assessed by the grayscale median (GSM). GSMs of the lumen and adventitia were obtained by the method described previously, 17 with the following modifications: to select areas of lumen and adventitia, we used a preset region of interest (25ϫ12ϭ300 pixels Ϸ1.8 mm 2 , and 30ϫ5ϭ150 pixels Ϸ0.9 mm 2 , respectively). Each region of interest was moved to several different locations to find the lowest GSM value in the lumen, and the highest GSM value in the adventitia of the same vessel wall as the plaque and the GSM of the lumen and the adventitia were obtained in the histogram function. Each plaque was then outlined with the Lasso tool, with no feathering or antialiasing, and the cropped image was saved as an uncompressed and nonlayered TIFF image file. The image was then standardized with the "levels" function, with the recorded GSM values for lumen and adventitia as the low and high input values and the low-and high-output values preset to 1 and 200, respectively. The standardized image was subsequently saved in the same file format as above. The preset output value of 200 for adventitia was predetermined through a pilot study in which a number of images visually assessed to be of high quality were measured by the technique described above, with GSM recordings of the adventitia showing a mean value of 200. In addition to GSM, the histogram function generates pixel values of the cropped plaque. For the resolution used in the present study, a plaque area of 167 pixels corresponded to 1 mm 2 . In subjects with more than 1 plaque, the sum of plaque areas was taken as the total plaque area, and the GSM of the total plaque area was estimated as a weighted mean of the GSM value of each single plaque. Plaques included in an acoustic shadow were analyzed if Ͼ50% of the plaque area provided real acoustic information, and only this part of the plaque was subjected to analysis of echoes. Figure 1 illustrates examples of plaques with high and low echogenicity (GSM). The plaque area is given as the pixel value.
The interobserver mean arithmetic difference (SD) of plaque area was Ϫ1.0 (4.4) mm 2 , and the limits of agreement were Ϯ8.6 mm 2 . The intraobserver mean arithmetic difference (SD) for sonographer 1 was 0.2 (3.1) mm 2 , and the limits of agreement were Ϯ6.1 mm 2 . The corresponding values for sonographer 2 were 0.01 (3.8) mm 2 and Ϯ7.5 mm 2 . The mean GSM of the standardized plaques in the interobserver and intraobserver studies was 51. The interobserver mean arithmetic difference (SD) of GSM was Ϫ1.7 (9.8), and the limits of agreement were Ϯ19.2. The intraobserver mean arithmetic difference (SD) for sonographer 1 was Ϫ0.1 (6.1), and the limits of agreement were Ϯ12.0. The corresponding values for sonographer 2 were Ϫ0.9 (8.7) and Ϯ17.1. In the continuation of this report, the more familiar term "echogenicity" will be preferred and used in the same meaning as GSM. Correspondingly, a decrease or increase in GSM values will be referred to as a decrease or increase in echogenicity.
Statistical Analyses
Change in total plaque area (⌬ plaque area) was defined as the dependent variable in the regression models. Risk factors measured at baseline were used as independent variables. We first assessed the univariable effect of risk factors using a general linear model (the GLM procedure in the SAS statistical software). In these analyses, ⌬ plaque area was calculated in quintiles of risk factor levels. Linear trend across quintiles was tested by linear regression. The independent relationship between risk factors and ⌬ plaque area was tested by multiple linear regression. Model assumptions were carefully assessed by residual analysis. Interaction with sex was examined with ⌬ plaque area as the dependent variable and the following independent variables: sex, risk factor, and sexϫrisk factor. Twosided probability values Ͻ0.05 were considered statistically significant. The SAS software package was used for all statistical analyses (version 8). Table 1 presents selected baseline characteristics of the study population. In 1994, the mean age (range) in men and women was 62.2 (36.0 to 78.0) and 64.4 (37.0 to 81.0) years, respectively. Men had a higher monocyte count and more CHD but lower HDL cholesterol, total cholesterol, body mass index, systolic blood pressure, and fibrinogen than women. The proportion of current smokers was equal among sexes. During the follow-up period, certain risk factors changed significantly. Body mass index increased by 0.7 kg/m 2 . There was an increase in systolic blood pressure of 7.2 mm Hg. There was a reduction in total cholesterol and HDL cholesterol by 0.68 mmol/L and 0.06 mmol/L, respectively. From 1994 to 2001, the percentage of current smokers was reduced by 7%. In the same period, the use of antihypertensive and lipid-lowering drugs increased by 17% and 20%, respectively.
Results
At baseline, 1059 men and 893 women had plaque present ( Table 2 ). Carotid plaque area increased by age in both sexes, and at any age, men had more atherosclerotic plaque than women. Mean total plaque area (SE) at baseline was 24.1 (0.6) mm 2 in men and 17.5 (0.6) mm 2 in women (PϽ0.0001). In the follow-up period, 1362 persons (70% in both sexes) had an increase in total plaque area. The mean increase was 9.0 (0.6) mm 2 in men and 7.3 (0.6) mm 2 in women (Pϭ0.06). Men had somewhat lower echogenicity at baseline than women (Pϭ0.002 for differences between sexes). Approximately 60% had an increase in echogenicity, and this increase was similar among sexes. Table 3 presents mean plaque growth in quintiles of risk factor levels. For age, HDL cholesterol (inverse), systolic blood pressure, and smoking, there were significant linear dose-response relationships between these variables and plaque progression. Figure 2 illustrates the relationship between HDL cholesterol levels and plaque growth. The ⌬ plaque area decreased from 9.0 mm 2 in the lowest HDL quintile to 6.0 mm 2 in the highest HDL quintile. Although there was a significant linear trend for ⌬ plaque area across strata of HDL cholesterol, ⌬ plaque area decreased mainly in the upper quintile. The relationship between HDL cholesterol and plaque growth was stronger in men than in women; however, because the trends in each sex did not differ significantly (Pϭ0.1 for sex difference after multiple adjustments), we only present the results of the pooled analyses. Adjusted for the other risk factors, a 1-SD (0.41 mmol/L) greater HDL cholesterol level was associated with a 0.93mm 2 lower change in plaque area (Table 4 ). There was no interaction between HDL cholesterol and sex. In nearly 20% of the subjects included in the present study, treatment with lipid-lowering drugs and antihypertensive drugs had been initiated between baseline and follow-up examination. When the analysis was repeated with lipid-lowering drugs and antihypertensive drugs (ever-users) included in the model as covariates, no change in HDL estimate was observed.
Predictors of Changes in Plaque Area
The same was true when subjects who had ever been treated with antihypertensive drugs were excluded from the data set. When we excluded ever-users of lipid-lowering drugs (nϭ442), the HDL estimate was strengthened (␤ϭϪ1.46 mm 2 , Pϭ0.002.) A strengthening of the HDL estimate was also seen when the analysis was run with adjustment for plaque area at baseline (␤ϭϪ1.15, Pϭ0.005).
Controlling for change in echogenicity did not influence the relationship between HDL cholesterol and plaque growth. 
Changes in Echogenicity in Relation to Changes in Plaque Area
There were no differences in plaque growth across strata of baseline echogenicity ( Table 3 ). The change in plaque area was inversely correlated with change in echogenicity (rϭϪ0.1, Pϭ0.0002). Figure 3 shows plaque growth by quartiles of ⌬ echogenicity in the follow-up period (P for trendϭ0.002). The trend over quartiles of ⌬ echogenicity was similar in both sexes (Pϭ0.2 for sex difference, after multiple adjustments). In the first quartile (all of which decreased in echogenicity), plaque growth was 9.5 mm 2 ; in the second quartile, plaque growth was 9.4 mm 2 (54% decreased in echogenicity); and in the third and fourth quartiles (all of which increased in echogenicity), plaque growth was 7.5 and 6.4 mm 2 , respectively. This means that plaques that became more echogenic had a lower growth rate than those that became more echolucent. Correspondingly, the proportions with regressed lesions (⌬ plaque area Ͻ0) within each quartile of ⌬ echogenicity were 0.24, 0.30, 0.33, and 0.34 (P for trendϭ0.0007).
Discussion
The present study showed that HDL cholesterol, age, systolic blood pressure, and smoking were independent predictors of plaque growth. Although plaque area increased in 70% of cases, and most plaques became more echogenic over the follow-up interval, plaques that became more echogenic had a lower growth rate than those that became more echolucent.
Our group has previously demonstrated that echolucent plaques are associated with lower levels of HDL cholesterol and a higher degree of stenosis. 8 We found no association between baseline echogenicity and later plaque growth. The prospective findings in the present study rather appear to show that it is the change in echogenicity that is associated with plaque growth, which suggests that plaques that remain echolucent may have a higher growth potential than plaques that remain echogenic. To the best of our knowledge, this is the first study to show an association between HDL cholesterol and plaque growth in humans. In a previous study on cholesterol-fed rabbits, intravenous administration of HDL and VHDL induced regression of established atherosclerotic lesions. 18 In another study, increased levels of apolipoprotein A-I, the major protein component of HDL, induced regression of atherosclerotic lesions in mice. 19 Regressed lesions were less rich in foam cells and macrophages and more fibrotic.
Our findings are in accordance with these observations. We found that plaque mass that increased most in echogenicity (Figure 3, 4th quartile) had the lowest growth rate (6.4 mm 2 ) and the highest proportion with regressed lesions (34%). This is plausible if one mechanism of plaque growth and plaque regression is accumulation and removal of lipids. Most of the plaques were heterogeneous, containing a mixture of echogenic and echolucent components. Lipids appear echolucent in ultrasound, and accumulation of lipids within a plaque may therefore increase the echolucent proportion of the plaque as it grows. Conversely, removal of lipids may increase the echogenic proportion, so the regressed plaque will appear more echogenic (fibrous).
By transforming the plaques into more echogenic (fibrotic) lesions, HDL particles may stabilize them and counteract their growth. The mechanism may be by reversing cholesterol transport or active LDL removal from the vessel wall and from the macrophage foam cells. 18 HDL particles contain apolipoprotein A-I, apolipoprotein E, paraoxonase, and the lipid-processing enzymes LCAT (lecithin-cholesterol acyltransferase) and CETP (cholesteryl ester transfer protein). In addition to roles in cholesterol efflux, there are data implicating these proteins in metabolic, oxidative, or inflammatory processes that affect atherosclerosis. 7 Approximately 20% of the study population was treated with lipid-lowering drugs (statins) after the baseline examination in 1994, of which 63% had CHD. Exclusion of ever-users of statins from the analysis strengthened the HDL estimate significantly. Statins mainly decrease LDL cholesterol but also have some raising effect on the HDL cholesterol level. In persons treated with statins, HDL cholesterol was 1.44 mmol/L compared with 1.53 mmol/L in never-users (Pϭ0.0001). Plaque growth was also lower in statin users compared with never-users (7.1 versus 8.5 mm 2 , Pϭ0.1).
Plaque growth was mainly reduced in the topmost quintile of HDL cholesterol, which may indicate a threshold effect more than a truly linear relationship. There also appeared to be a threshold effect of smoking in which the main difference was between the first and second quintiles (nonsmokers versus smokers), whereas for systolic blood pressure, there appeared to be a true linear relationship. We found that carotid plaque area increased by age in both sexes, and at any age, men had more plaque than women. A similar finding has been reported previously. 12, 20 Furthermore, over the follow-up period, men also had a higher plaque growth rate than women.
We have measured plaque progression as a continuous variable. Measuring the dependent variable on a continuous scale is beneficial, because the power to quantify the effect of risk factors and interaction among risk factors is increased compared with categorical classification. 21 Furthermore, computerized GSM analysis may have better reproducibility and be more accurate than visual characterization and appears to be a more objective and quantitative method for assessing plaque echogenicity. [22] [23] [24] Low GSM values in carotid plaques are predictive of future cerebral infarction. 25 Single measurements of risk factors will tend to underestimate the strength of the relationship between risk factors and disease because of measurement errors and fluctuations of risk factor level within individuals. At baseline, total cholesterol, HDL cholesterol, and blood pressure were measured twice to obtain more precise estimates. We have presented the results without adjustment for baseline levels of atherosclerosis. Adjustment for baseline values of the dependent variable without correction for measurement error may introduce bias that leads to an overestimation of the risk estimates. 26 There are some limitations to the present study. Because of loss of follow-up, severely ill or disabled persons may have been underrepresented. This possible selection bias would probably weaken the true relationship between risk factors and plaque progression. Another potential limitation to this study is that only 1 carotid artery was studied. Inclusion of the left carotid and femoral arteries might have given a better description of the individual plaque burden. Measurement errors of plaque area are present in this study. Even if the plaque analyses were computer assisted, the outlining of the plaques and the selection of regions of interest in the lumen and adventitia were operator dependent and therefore introduced measurement variability into the study. GSM gives a general description of the gray-level distribution of the plaque but does not take into account texture features like heterogeneity and dark areas close to lumen.
We conclude that a high level of HDL cholesterol is inversely related to plaque growth. Transformation of the plaque mass into higher echogenicity is associated with reduced plaque growth, and the HDL effect may be due to change in plaque morphology. The findings in the present study support the hypothesis that HDL cholesterol may stabilize vulnerable plaques and counteract their growth by reducing their lipid content and inflammation.
